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Abstract 

The increased use of antimicrobial compounds such as copper into nanoparticles changes how living cells interact with these novel 
materials. The increased use of antimicrobial nanomaterials combats infectious disease and food spoilage. Fungal infections are 
particularly difficult to treat because of the few druggable targets, and Saccharomyces cerevisiae provides an insightful model organism 

to test these new materials. However, because of the novel characteristics of these materials, it is unclear how these materials interact 
with living cells and if resistance to copper-based nanomaterials could occur. Copper nanoparticles built on carboxymethylcellulose 
microfibril strands with copper ( CMC-Cu ) are a promising nanomaterial when imported into yeast cells and induce cell death. The 
α-arrestins are cargo adaptors that select which molecules are imported into eukaryotic cells. We screened α-arrestins mutants and 
identified Aly2, Rim8, and Rog3 α-arrestins, which are necessary for the internalization of CMC-Cu nanoparticles. Internal reactive 
oxygen species in these mutants were lower and corresponded to the increased viability in the presence of CMC-Cu. Using lattice 
light-sheet microscopy on live cells, we determined that CMC-Cu were imported into yeast within 30 min of exposure. Initially, the 
cytoplasmic pH decreased but returned to basal level 90 min later. However, there was heterogeneity in response to CMC-Cu exposure, 
which could be due to the heterogeneity of the particles or differences in the metabolic states within the population. When yeast were 
exposed to sublethal concentrations of CMC-Cu no resistance occurred. Internalization of CMC-Cu increases the potency of these 
antimicrobial nanomaterials and is likely key to preventing fungi from evolving resistance. 

Keywords: copper nanoparticles, endocytosis, α-arrestins, S. cerevisiae , lattice light-sheet microscopy, reactive oxygen species 

Graphical abstract 

Positively charged copper nanoparticles built on carboxymethylcellulose particles associate with the negatively charged cell wall of 
S. cerevisiae . CMC-Cu entry is mediated through numerous α-arrestins. Once assimilated in cells, the CMC-Cus increase internal ROS 
levels likely through Fenton reactions. 

 

 

 

 

copper nanoparticles from self-aggregation and fast oxidation, 2 –4 

a common problem with metallic nanoparticles.5 The high 
number of Na-carboxyl groups facilitates copper’s reduction 
on the cellulose derivative carboxymethyl cellulose ( CMC ) and 
makes it an appealing organic support structure to construct cop- 
per nanoparticles.4 , 6 These copper nanoparticles are synthesized 
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Introduction 

Cellulose is a vastly abundant renewable resource. It is a
fibrous substance composed of high molecular weight homopoly-
mers of β-1,4-linked anhydro-D-glucose units that are insol-
uble in water.1 Utilization of cellulosic raw material protects
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n situ on carboxymethylcellulose microfibril strands ( CMC-Cu )
nd exhibit mostly Cu ̀ and Cu 0 forms averaging 15 nm in di-
meter.4 There are several technique variations in the synthesis
f copper nanoparticles including thermal reduction, chemical
eduction, sono-chemical reduction, metal vapor synthesis, vac-
um vapor deposition, radiation methods, microemulsion tech-
iques, and laser ablation. Variations in the copper composition
nd cellulose biopolymer have been successfully synthesized re-
ulting in changes to their interaction with microorganisms. 7 –10 

hese are distinct from fully metallic nanoparticles that are rel-
tively stable and are found transported from roots to stems 11 

nd into organs.12 The toxicity of nanoparticles of fully metal-
ic nanoparticles would be different from hybrid particles built
n different substrates. Cellulose is biodegradable while metallic
anoparticles’ fate would vary depending on their characteristics
eading to aggregation, interaction with natural organic matter,
r sedimentation. While CMC-Cu nanoparticles are similar in size
s metallic copper nanoparticles they are approximately 3.8 times
ess toxic than metallic copper nanoparticles.13 , 14 

Copper nanoparticles are a promising technology that may in-
ibit pervasive drug-resistant pathogens, nosocomial pathogens,
nd food spoilage microorganisms that pose a serious threat to
uman and livestock health.15 Copper is essential to organisms
t trace levels; however, at higher concentrations it becomes toxic.
uman cells have been shown to have a low sensitivity to tran-
ition metal,16 while microorganisms maintain a high sensitiv-
ty.17 The response induced by copper in microorganisms has been
idely studied. The expression of genes in response to copper is
ightly regulated to maintain a fine balance of this essential, yet
amaging metal in all organisms. 18 –20 Copper’s regulation also in-
ludes the compartmentalization of copper enzymes, the use of
etallochaperones to deliver copper to targets, and the localiza-

ion and turnover of copper transporters. 21 –24 Copper is used spar-
ngly for protein functions, usually, as an electron donor/acceptor,
n which it switches redox states between Cu I and Cu II, or as an
lectron carrier.25 

The eukaryotic organism Saccharomyces cerevisiae specifically
mports vital copper to the Golgi apparatus for incorporation
nto cuproenzymes and distribution in the mitochondria.26 , 27 Two
etal cell surface reductases, Fre1 and Fre2, facilitate copper re-
uction from Cu II to usable Cu I.28 , 29 In copper-deficient environ-
ents, Mac1 induces the transcription of CTR1 and CTR3 , which
ncode high-affinity copper transporters that mediate cuprous
 Cu I ) uptake. 30 –33 However, yeast strains derived from S288c such
s the one used in this study contain a transposon that blocks
he expression of CTR3 .34 Ctr1 is internalized for vacuole degra-
ation through Rsp5-dependent endocytosis when copper con-
entrations are above 50 μM.35 Rsp5, an E3 ubiquitin ligase ubiq-
itinates cargo and interacts through its WW domains with the
 PPxY ) motifs on the arrestins, the endocytic adaptors, which
erve as adaptors between Rsp5 and membrane protein targeted
or degradation. 36 –38 Once inside the vacuole, the Ctr1/Cu com-
lex is degraded.35 There are differences in previous studies on
hether Ctr1 is trafficked to the vacuole for degradation, which
re likely due to differences in the expression of the Ctr1-GFP
onstruct in the different studies.35 , 39 Copper can then be chap-
roned by Atx1, Cox17, and Ccs1 22 to areas of the cell as needed
or a multiplicity of functions including mitochondrial oxidative
hosphorylation and protection against oxidative stress.35 In high
oncentrations of copper, the transcription factor Ace1/Cup2 in-
uces expression of the CUP1 and CRS5 , which encode metal-
othioneins, and SOD1 encodes cytosolic copper-zinc superoxide
ismutase 6. 40 –42 
Endocytosis internalizes cargo from the plasma membrane and
as a critical role in nutrient uptake, damaged protein turnover,
embrane composition, and the response to extracellular sig-
als. Two protein families, arrestins and G-protein-coupled re-
eptor ( GPCR ) kinases ( GRKs ) mediate the downregulation of
eceptor signaling. Originally, arrestins were discovered for
heir role during downregulation of clathrin-mediated endo-
ytosis where GRKs recognize and phosphorylate GPCRs to
hich arrestins bind at the plasma membrane. Yeast contain
 family of arrestins that have been suggested as a general
odel for transporter regulation.43 Yeast α-arrestins target spe-
ific plasma membrane proteins for endocytosis by recruiting
ndocytic promotion factors such as adaptins and clathrin while
xcluding heterotrimeric G proteins.44 , 45 A less characterized
athway, clathrin-independent endocytosis, has been shown to
tilize specific yeast arrestins to promote endocytosis of dif-
erent cargos.46 Clathrin-independent endocytosis requires Rsp5,
ther components of the endocytosis system, and their regula-
ors, but not Rsp5 binding to α-arrestins. The α-arrestins are criti-
al for response to starvation, redox homeostasis regulation, in-
ate immune response, and tumor suppression.47 The mecha-
isms for understanding cargo selection are not well understood,
ut evidence has shown that α-arrestins are important in both
lathrin-mediated and clathrin-independent endocytosis by dif-
erent mechanisms.46 

The major features of lattice light sheet microscopy ( LLSM ) ,
hich make it superior to confocal or two-photon microscopy

n the context of this paper are its superior photon efficiency
 resistance to photobleaching ) due to the highly parallel wide-
eld imaging and lack of photobleaching of out of focus planes
hat confocal microscopy cannot avoid.48 , 49 Further, superior z -
esolution of LLSM ( estimated 5 ̂ higher ) due to the crossed lon-
itudinal and transverse point spread functions of the excita-
ion and detection optics provide a greatly improved and nearly
sotropic 3D point spread function,50 which is routinely decon-
olved during image reconstruction.51 The LLSM has higher de-
ection efficiency due to the lack of pinholes and the higher nu-
erical aperture of the collection optics used, combined with

he superior efficiency of scientific complementary metal oxide
emiconductor ( sCMOS ) detectors compared to photo multiplier
ubes ( PMT ) .52 Similar statements apply to the comparison of
wo-photon microscopy, which has the advantage of greater depth
esolution in tissues, but similarly still obtains lower collection ef-
ciency due to lower numerical aperture and suffers from pho-
obleaching and photodegradation due to the serial data col-
ection employed.53 , 54 These features of LLSM make volumetric
easurements possible over longer times at lower powers, opti-
izing the so-called “photon budget”; thus the results obtained
re more representative due to the lack of photobleaching across
he field of view or with depth that would occur in a confocal
r two-photon microscope, both of which require serial acquisi-
ion. Scanning electron microscopy and transmission electron mi-
roscopy, both being nonoptical, cannot distinguish optical prop-
rties and of course, have the additional disadvantages of the for-
er being a surface-only method and both former and latter usu-
lly requiring significant sample preparation and modification,
hus neither could perform the large-scale population assay in
n aqueous environment at near-physiological conditions we have
btained with the LLSM in this work. 
The hybrid cellulosic-copper nanoparticle materials are effec-

ively incorporated into both a thermoplastic resin and polyvinyl
lcohol with the intent to increase the utility of low-value wood
roducts. The feasibility of using these antimicrobial films in
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the packaging and healthcare industry needs to be assessed
through systematic analysis. Characterizing nanoparticle toxic-
ity and transport of these cellulose copper nanoparticles pro-
vides critical insights into advancing the field of nanotoxicity.
However, the exact mechanism by which copper nanoparticles
induce toxicity has not been determined, representing a major
knowledge gap. In this work, we studied the uptake and cel-
lular response of select wild-type and mutant yeast strains to
cellulose-enveloped copper nanoparticles at the single-cell level
using lattice light-sheet fluorescence microscopy, a novel three-
dimensional dynamical volumetric fluorescence imaging method.
We hypothesized that these cellulose copper nanoparticles are at-
tracted to the negative charge of the cell wall. Interaction with the
cellular lipids and copper transporters triggers endocytosis, which
leads to copper nanoparticle degradation in the vacuole and sub-
sequent toxicity to the yeast cell. A compromised vacuole may
lead to cellular damage by the release of vacuolar degradation
enzymes and/or copious cupric ( Cu2 ̀ ) reactive oxygen species
( ROS ) . In this work, we employed lattice light-sheet microscopy to
image yeast cellular response. Four-dimensional imagery of live
yeast incubated in the presence of CMC-Cu at varying concen-
trations was recorded over time with the LLSM, the integrated
intensity per cell was analysed, presented here to assess the
role of arrestins in endocytosing CMC-Cu, and their subsequent
cellular toxicity. This variation of light-sheet microscopy uses
orthogonal excitation and detection optics to minimize out-of-
focus excitation by illuminating only a thin layer of fluorophores
during imaging. The custom-built instrument uses so-called
“nondiffracting” Bessel beam illumination in an optical lattice
configuration. This achieves superior optical sectioning with high
fluorescence collection efficiency.55 , 56 Several lines of evidence
presented here support the hypothesis that CMC-Cu is internal-
ized. The toxicity of CMC-Cu was greater than an equivalent
amount of soluble Cu, interpreted in terms of enhanced uptake
due to the cellulose overcoat. We assessed the role of select α-
arrestins, in response to CMC-Cu. The α-arrestins single mutants
were evaluated and roles in cell viability were classified in dif-
ferent categories based on how they affect copper and CMC-Cu
response compared to the wild-type strain. At least five differ-
ent α-arrestins were required for the acquisition of CMC-Cu and
mutants increased resistance to CMC-Cu compared to wild-type
yeast. Individual knockouts of ALY1 , ALY2 , SPO23 , ROD1 , and RIM8
α-arrestins reduced toxicity while loss of BUL1 increased sensitiv-
ity. The aly2 and rim8 mutants reduced the assimilation of CMC-
Cu and subsequent ROS production. CMC-Cu induced diffuse ROS
in the cytoplasm and vacuoles. Using LLSM, we discovered that
CMC-Cu reduced dynamic cellular movement which correlates to
damage to membranes. Here we have analysed ROS production
by CMC-Cu providing the groundwork to couple other molecules
to CMC for intercellular transport. 

Methods 

Yeast strains and growth conditions 
All strains were from the BY4741 ( his3 �, ura3 �, leu2 �, met15 �)
yeast knockout collection except for art10 , which was in the
B4742 ( his3 �, ura3 �, leu2 �, lys2 �) background. Strains were grown
on yeast minimal ( YM ) media supplemented with the neces-
sary nutrients to cover existing auxotrophies in yeast. Log-phase
yeast were exposed to 400 μM copper sulfate or 157 μM CMC-
Cu for 90 min at 30°C, then washed with water and plated
onto yeast extract peptone dextrose ( YPD ) plates. The amounts
of soluble copper and CMC-Cu were previously determined em-
pirically by the amount necessary to cause the same reduc- 
tion of growth and internal concentration of copper in a copper- 
sensitive strain.13 Three biological replicates for each mutant 
were carried out. Each trial had one to two mutants with
BY4741 as the control. Eighteen biological replicates of BY4741 
were averaged and compared with the mutants’ viability. A Stu- 
dent’s t -test was conducted with two tails and type 3 in Excel.
Yeast were diluted to 0.1 OD and diluted 100 000 in water and
200 μL were plated. Colony-forming units were counted after 
2 days of growth at 30°C. Colony-forming units were normalized 
to BY4741 ( wild-type ) grown in YM ( untreated ) . In serial dilution
growth assays, yeast were grown overnight, diluted to 0.1 OD,
and then diluted 10-fold. Approximately 5 μL was spotted on YM 

plates ( yeast minimal media with dextrose supplemented with 
histidine, uracil, leucine, methionine, and lysine ) with and with- 
out 1 mM soluble copper. Plates were incubated at 30°C for 3 days
and then photographed. 

Staining of nanoparticles 
CMC-Cu were stained using fluorescein isothiocyanate ( FITC ) 
( ThermoFisher-A1363 ) or AF568 Hydrazine ( ThermoFisher- 
A104371 ) . A total of 2.5 μM FITC or 1 μg/mL AF568 was added
into a CMC-Cu solution and then vortexed before incubating 
for overnight at 4°C in a rotisserie. Log-phase yeast cells were 
centrifuged at 3000 rpm for 5 min, the supernatant was removed,
and the yeast was diluted with 1 mL of phosphate buffered
saline ( PBS ) . Yeast cells were diluted into an OD600 of 0.1 and
incubated with dye only ( FITC or AF568 ) and stained CMC-Cu 
with FITC or AF568 for 90 min . Cells were excited at 488 nm for
FITC and 560 nm for AF568 nm with an exposure time of 50 ms
and scanned over a volume consisting of 101 slices, with intervals 
of 500 nm between planes. The scale is 5 μm. 

LLSM 

Yeast cells were immobilized on coated coverslips using 
0.25 mg/mL concanavalin A for 5 min and washed with ster- 
ilized water twice. A total of 20 μL of yeast suspension was
dropped onto a 5 mm diameter coverslip ( place a coverslip on 
top of parafilm to create a hydrophobic environment outside 
the coverslip ) . Cells were scanned over a volume consisting of 
101 slices, with intervals of 500 nm between planes. To measure 
endocytosis, cells were exposed for 50 ms, and excited at 50 mW
of 488 nm and 560 nm for yeast cell or CMC-Cu stained with FITC
or AF568, respectively. In LLSM the detection objective image 
plane is tilted to the axis of sample movement, as a result, it
is required to deskew the images in postprocessing, this can be 
done in image J,57 by using the TransformJ—Affine command ( αxz 

“ ( �z / �xy ) *sin 58.2 o ) and subsequently scaling the image with 
the TransfomJ—Scale command ( Z “ ( �z / �xy ) *cos 58.2 o ) . Image 
intensity is measured using Image J by removing the background 
and used maximum intensity projection ( MIP ) projection to draw 

ROI and use sum intensity projection to calculate the intensity.
The design and component specifications for the instrument,
patented as the “Bessel Beam Microscope” by Eric Betzig of 
Howard Hughes Medical Institute ( HHMI ) , were made available to 
South Dakota School of Mines and Technology through a license 
agreement with HHMI.58 The resulting imaging system provides 
optical sectioning properties superior to commercially available 
light sheet microscopes.56 

Reactive oxygen species ( ROS ) intensity was measured using 
Image J. The first step was to draw a region of interests ( ROIs ) using
MIP image at channel 488 nm. Yeast cells were segmented using



4 | Metallomics 

s  

w  

T  

i  

t  

R  

l

V
M  

t  

i

R
(
C  

i  

p  

3  

i  

t  

C  

o  

i  

d

C
S  

c  

A  

o  

w  

1  

s  

s  

f  

fi  

 

e  

t  

t  

1  

Y  

i  

w  

t  

m  

T  

m
 

u  

t  

(  

m  

t  

t  

t  

t

R
T  

i  

y  

e  

t  

o  

v  

t  

b  

m  

e  

t  

7  

t  

t  

t  

i  

c  

c  

r  

t  

t  

a  

r  

1  

n  

c  

c  

d  

C  

c
 

b  

m  

p  

a  

p  

w  

t  

p  

E  

t  

s  

b  

t  

C  

o  

s  

w  

p  

m  

f  

i  

Y  

l  

a  

a  

m  

t  

i  

i  

a  

e  

t  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/15/3/m

fad011/7058248 by C
olorado State U

niversity user on 24 April 2023
tandard thresholding techniques ( Image Ñ Threshold ) then ROIs
ere created using analyse particles ( Analyse Ñ Analyse particles ) .
he ROS was detected for images at channel 642 nm, background
ntensity on the images was removed ( Process Ñ Math Ñ Subtract ) ,
he Z slices were summed ( sum intensity projection image ) , and
OIs were applied to the sum image at channel 642 nm to calcu-
ate the ROS intensity ( Analyse measure ) . 

olumetric image analysis 
IPs were rendered from the 4D data using ImageJ. Cell centroid

racking and membrane velocity analysis were performed using
n-house analysis routines in Chimera X. 

OS detection using CellROx deep red 

 ThermoFisher, #C10422 ) 
ellROx is a cell-permiable dye with absorption/emission max-
ma of „644/665 nm. Control ( untreated ) and treated yeast sam-
le with GFP conjugate CMC-Cu were prepared and incubated for
0 min with CMC-Cu then added 10 μM CellROx and continued
ncubation for another 60 min at room temperature using the ro-
isserie. After incubation cells were washed with PBS three times.
ells were plated in a 5 mm coverslip that was coated with ConA
vernight and incubated for 5–10 min before imaging. Cells were
maged at 488 nm to detect the CMC-Cu uptake and 640 nm to
etect the ROS. 

onfocal microscopy 

lide preparation: Glass microscope slides were prepared for confo-
al microscopy by coating in concanavalin A. The concanavalin
 solution of 12.5 mg/L was prepared using MilliQ ( MQ ) water
n a magnetic stir plate for 4 h before vacuum filter sterilizing
ith a 220 nm filter membrane. Glass slides were cleaned with
00% ethanol, lint-free cloth, and ethanol-cleaned gloves. Clean
lides were dipped five times in concanavalin A solution before
ubmerging for 2 min and then allowing to air dry in a fume hood
or 1 h. Dry slides were dipped five times in MQ water before a
nal rinse in a separate MQ aliquot and sequential drying for 1 h.
Sample preparation: FM464 was used to visualize live cell vesicle

ndocytosis to the vacuole by transferring mid-log phase BY4741
o 1.5 Eppendorf tubes. After pelleting cells at room temperature,
he cells were resuspended in 50 μL YPD ` 1.6 μL of FM464 at
0 mM in DMSO ( dimethyl sulfoxide ) . Cells were incubated in the
PD ̀ dye for 1 h at 30°C in a water bath. The cells were washed
n YPD and incubated in 5 ml for 90 min. Dyed cells were then
ashed in MQ water before resuspending in 25 μL YM media for
ransfer to concanavalin A-coated slides. A Nikon A1R/NSIM-E
icroscope with the 60 ̂ objective was used to capture images.
he images were analysed using Nikon General Analysis to obtain
ean intensity measurements for each yeast cell. 
Statistical analysis: In this analysis, violin plots were generated

sing GraphPad Prism version 8 which shows the frequency dis-
ribution of data and plot lines at the median and quartiles.
 Unpaired t ) test and one-way ANOVA ( Tukey test ) were used to
easure the statistical analysis of two groups and more than

wo groups of data, respectively. P -value higher than 0.05 means
he value is not significant ( ns ) , and P -value less than or equal
o ď0.05, ď0.01, ď0.001, and ď0.0001 mean significant difference
hat corresponds to *, **, ***, and ****, respectively. 

esults 

o determine which α-arrestins are responsible for regulating the
mport of CMC-Cu into the cell, we evaluated the viability of
east with each of the 11 α-arrestin knockouts. Previously, we had
mpirically demonstrated that CMC-Cu are more efficient at
ransporting more copper into yeast than the equivalent amount
f soluble copper. When yeast were exposed to 157 μM of CMC-Cu,
iability and internal concentrations of copper were equal to yeast
hat were exposed to 400 μM of CuSO 4 .13 When exposed to solu-
le copper, the loss of aly1 reduced viability to 60%, and the aly2
utant had 50% viability compared to 85% of wild-type.13 When
xposed to CMC-Cu, both aly1 and aly2 mutants had no reduc-
ion of viability in contrast to wild-type cells, which decreased to
0%.13 The response to soluble copper and CMC-Cu of other mu-
ants were separated into categories. The first class had no statis-
ical significant difference in reduction in cellular viability to wild-
ype cells after 90 min exposure to soluble copper or CMC-Cu and
ncluded art5 , art10 , csr2 , ldb19 , and rog3 ( Fig. 1 A ) . The second class
ontained mutants that only had an altered response to soluble
opper ( Fig. 1 B ) . In this class, the bul1 and ecm1 mutants further
educed viability to 70% and 60%, respectively, but the response
o CMC-Cu did not change from wild-type cells. In the third class,
he bul1 mutant’s viability in CMC -Cu exposure decreased to 46%
nd viability in soluble copper did not change. In the fourth class,
od1 and spo23 were completely resistant to CMC-Cu ( 101% and
00% viability, respectively ) and sensitivity to soluble copper did
ot change. The last group only contained rim8 mutant, which was
ompletely resistant to both soluble copper and CMC-Cu at these
oncentrations. The rim8 mutant has numerous targets that are
istinct from aly1 and aly2 mutants that rescued viability from
MC-Cu exposure but made the cells more sensitive to soluble
opper and represent a fifth class of α-arrestins phenotypes. 
The α-arrestins are involved in remodeling plasma membranes

y targeting a wide range of proteins including amino acid per-
eases.43 Structurally related, after the whole genome-wide du-
lication, some α-arrestins retained their paralog. Aly1 and Aly2
re 42% identical while Rod1 and Rog3 are 46% identical at the
rotein level ( Table 1 ) . The rod1 knockout was CMC-Cu resistant
hile the rog3 knockout was not statistically significantly resis-
ant ( P -value “ 0.1 ) ; however, the emc21 knockout was more cop-
er sensitive while its paralog csr2 was not. Aly1, Aly2, Rog3, Rod1,
cm21, and Csr2 have the most sequence similarity shared be-
ween them. Ecm21 and its paralog Csr2 are 45% identical/66%
imilar and these mutants do not affect CMC-Cu viability. The
ul1 mutation lowered the resistance to CMC-Cu while the mu-
ant of its paralog bul2 conferred increased sensitivity to CMC-
u and these paralogs shared 53% sequence identity. The growth
f serially diluted yeast cultures on solid media measures the re-
ponse to chronic exposure to the presence of a chemical. Because
e wanted to measure the increase in resistance to soluble cop-
er, 2.5 times more copper was used in growth assays because
ore copper is needed in the soluble form than CMC-Cu to af-

ect growth.13 The growth of α-arrestin mutants was measured
n the presence of 1 mM soluble copper ( Supplementary Fig. S1 ) .
east were diluted 10-fold and allowed to grow on solid media. The
db19 , rim8 , bul1 , and ecm21 mutants were copper sensitive while
rt10 and spo23 mutants were more resistant to copper. Of note,
t this high level of copper, the cells turned a rust color due to the
et15 marker present in the BY4741 background. The art10 mu-
ant in the BY4742 background has a wild-type allele of MET15 and
s a mutant for lys2 , which provides evidence for the lack of color
n their colonies . The mutant viability with soluble copper did not
ppear to correlate with their chronic response to copper. How-
ver, the BY4741 strain contains 14 copies of CUP1 that encodes
he major copper metallothionein and confers copper resistance
ompared to other yeast strains 59 but the copper concentration
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(A) (B)

Fig. 1 Viability of α-arrestin mutants treated with soluble copper or CMC-Cu. Mutants were grown to log-phase and then exposed to 400 μM soluble 
copper ( orange ) or 157 μM CMC-Cu ( gray ) for 90 min. Colony-forming units were normalized to BY4741 ( wild-type ) untreated in YM media ( blue ) and 
graphed as a percentage of viability. Mutants were then classified as to whether the response was different from wild-type. A. Mutants that had the 
same response as BY4741 to CuSO 4 and CMC-Cu. B. Mutants that had changes in their copper or CMC-Cu viability. The direction of change was noted 
with colors increased copper viability ( green ) , decreased copper viability ( aqua ) , increased CMC-Cu viability ( black ) , and decreased CMC-Cu viability 
( gray ) . The P -value of the change is noted above. 

Table 1 Summary of α-arrestin mutant viability to 90 min exposure to soluble copper or CMC-Cu compared to wild-type 

Name Alias Soluble copper CMC-Cu Paralog 
Percentage 

identity/similarity/gaps Source 

ALY1 ART6 Down Up ALY2 42%/58%/13% Rong-Mullins et al.13 

ALY2 ART3 Down Up ALY1 42%/58%/13% Rong-Mullins et al.13 

ART5 ART5 Up None 
ART10 None None 
CSR2 ART8 None None ECM21 45%/66%/11% 

ROG3 ART7 None None ROD1 46% 63%/11% 

BUL2 Down None BUL1 53%/69%/5% 

ECM21 ART2 Down None CSR2 45%/66%/11% 

BUL1 None Down BUL2 53%/69%/5% 

LDB19 ART1 None Up 
ROD1 ART4 None Up ROG3 46% 63%/11% 

SPO23 None Up 
RIM8 ART9 Up Up 
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in the media used here is limiting for growth. Adding 50 μM of
additional copper sulfate improves the growth of BY4741.13 Serial
growth assays are most suited to measuring large differences in
growth on the order of 2- to 1000-fold differences over days. 

To determine if the addition of copper changed the in-
ternalization of nanoparticles, CMC-Cu were stained with
FITC and incubated with BY4741. Previously, CMC-Cu
internalization was measured by prestaining the nanoparti-
cle with FITC then the internalization was determined by flow
cytometry and confocal microscopy.13 Unstained yeast were visi-
ble because at 488 nm there was weak autofluorescence ( Fig. 2 A )
and yeast incubated with FITC alone showed increased staining
of the cellular periphery ( Fig. 2 B ) . Only when yeast incubated with
FITC-stained CMC-Cu did internal staining appear ( Fig. 2 C ) . To
assess if the CMC itself can be internalized, both CMC and CMC-
Cu were stained with AF568 hydrazine instead of FITC because of
the weak autofluorescence. Cells measured at 568 nm do not have
autofluorescence ( Fig. 2 D ) . Yeast internalized more CMC alone
( Supplementary Fig. S2A ) than CMC-Cu ( Supplementary Fig.
S2B ) . The integrated intensity of CMC-Cu was 0.65 counts/s for 
CMC and 0.42 counts/s CMC-Cu ( Supplementary Fig. S2C ) . Next,
we determined the kinetics of CMC-Cu internalization over 60 
min. Within 30 min of CMC-Cu exposure, there was statistically 
significant CMC-Cus internalization increasing over the next 
hour ( Fig. 2 D–I ) . The average fluorescence was measured for 400
yeast. Over the time course, the staining begins in the cytoplasm 

with the stained nanoparticles excluded from what appeared to 
be a vacuole. By 30 min some cells start to have stained CMC-Cu
throughout the cell, which increases over time. By 45 min, the 
staining intensity increased so by 60 min yeast were brighter and 
there are cells with areas of the cell brighter than other parts. 

We selected three α-arrestin mutants to determine their role in 
endocytosis and CMC-Cu transport. The viability of aly2 mutant 
is sensitive to soluble copper and resistant to CMC-Cu.13 The rim8 
mutant demonstrated increased viability when exposed to solu- 
ble copper and CMC-Cu. The rog3 mutant had higher resistance 
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(A) (B) (C)

(F)(E)(D)

(G) (H) (I)

Fig. 2 Maximum intensity projection of yeast A. BY4741 without treatment B. BY4741 were incubated with 2.5 μM FITC C. BY4741 were incubated 
2.5 μM FITC stained CMC-Cu. D. BY4741 treated with CMC E. BY4741 treated with CMC-Cu, both CMC and CMC-Cu were stained by AF568 Hydrazine 
overnight, further BY4741 cells were incubated with CMC and CMC-Cu for 90 min. F. Violin plot of integrated intensity per cell for CMC ( E ) vs. CMC-Cu 
( D ) treated yeast, using unpaired t -test with P -value **** ď0.0001. AF568 stained CMC-Cu were incubated with BY4741 for G. 0 min, H. 15 min, I. 30 min, 
J. 45 min, and K. 60 min. L. The plot for integrated intensity per cell from 0 to 60 min. In this analysis, one-way ANOVA was used for the analysis with 
P -value higher than 0.05 means the value is not significant ( ns ) , P -value less than or equal to ď0.05, ď0.01, ď0.001, and ď0.0001 mean significant 
difference which corresponds to *, **, ***, and ****, respectively. 
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o soluble copper and CMC-Cu exposure but it was not statisti-
ally significantly different from wild-type viability and growth
id not change under chronic copper exposure. We measured the
verage fluorescence for these strains incubated with AF568-
tained CMC-Cu ( Fig. 3 ) . BY4741 and the aly2 mutant internal-
zed the dye in what appeared to be vacuoles ( Fig. 3 A and B ) . The
im8 and rog3 mutants did not have increased internal staining
 Fig. 3 C and D ) . Yeast were incubated with CMC-Cu prestained
ith AF568 and the internalization was measured in BY4741
nd the α-arrestin mutants. Incubation with prestained CMC-Cu
aused bright emission from BY4741 ( Fig. 3 E ) while the CMC-Cu-
esistant mutants did not show CMC-Cu fluorescence ( Fig. 3 F–
 ) . These results suggest that the mutants reduced endocyto-
is of CMC-Cu and therefore, the CMC-Cu nanoparticles are not
nternalized. 
Treatment of yeast with antioxidants reduces the toxicity of

MC-Cu.13 Like soluble copper, CMC-Cu generates ROS and pri-
arily damages lipids.60 To measure the internal levels of ROS,
east were stained with CellROx ( Fig. 4 A ) . With no treatment,
here was a low level of ROS consistent with endogenous ROS was
enerated primarily due to protons leaking from the mitochon-
ria that increase as cells age ( reviewed in Zhao et al.61 ) . Autofluo-
escence was used to visualize cells with α-arrestin mutants that
ere treated with CMC or CMC-Cu. The ROS levels in aly2 mu-
ant were lower than in wild-type yeast ( Fig. 4 C ) as well as in rim8
utant ( Fig. 4 E ) . Directly comparing ROS between mutants shows

hat rim8 mutants had less ROS than the aly2 mutant and wild-
ype yeast ( Fig. 4 G ) . 
Because internalization by α-arrestins brings the cargo to

he vacuole and vacuoles are acidified, vacuolar localization of
MC-Cu could generate ROS in the vacuole. We used Vph1-GFP
n BY4741 to label the membrane of the vacuole ( Supplementary
ig. S3 ) . Vph1 is a transmembrane protein in the vacuole and
nserts into the membrane.62 The GFP tag in Vph1 faces the
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(A) (B) (C) (D)

(E) (F) (G) (H)

Fig. 3 Maximum intensity projection of yeast treated with AF568 alone and stained CMC-Cu A. BY4741 with AF568 alone. B. aly2 mutant with AF568 
alone. C. rim8 mutant with AF568 alone. D. rog3 mutant with AF568 alone. E. BY4741 with AF568 stained CMC-Cu. F. aly2 mutant with AF568 stained 
CMC-Cu. G. rim8 mutant with AF568 stained CMC-Cu. H. rog3 mutant with AF568 stained CMC-Cu. 
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cytoplasm and GFP is a pH-sensitive fluorescent protein.63 Vph1-
GFP colocalizes with the vacuolar dye FM4-64 ( Supplementary
Fig. S3 ) . We quantified the colocation of ROS production with
CMC-Cu exposure ( Fig. 5 ) . After 90 min of CMC-Cu exposure
( Fig. 5 A and B ) , Vph1-GFP levels were unchanged ( Fig. 5 C ) .
Untreated cells had nearly no detectable ROS ( Fig. 5 D ) . ROS
production was diffused in the cytoplasm after 90 min of CMC-Cu
exposure ( Fig. 5 E ) and over 20-fold higher ( Fig. 5 F ) . Then, we
measured the amount of colocalization between Vph1 and ROS
and there was little overlap ( Fig. 5 G and H ) . To better visual-
ize any possible overall localization, we rendered 3D images
( Supplementary Fig. S4 ) and slice by slice images ( Supplementary
Fig. S5 ) diffuse overlap between the vacuole and ROS. By sorting
through the slices, we noted that some cells had prominent ROS
signal surrounding the vacuole, while mostly being diffuse in the
cytoplasm ( Supplementary Fig. S5 ) . To measure the dynamics of
Vph1-GFP, cells were mounted on the LLSM imaging chamber
and scanned ( Supplementary Fig. S4B ) . Vacuoles are dynamic or-
ganelles and in untreated cells, they moved around inside the cell
during the 26 min movie. The cells were then exposed to CMC-Cu
and then rescanned. After CMC-Cu treatment, all loss Vph1-GFP
was lost in frame 30 about 4 min after scanning ( Supplementary
Fig. S4B ) . All previous experiments were conducted after 90 min
of exposure and 90 min the Vph1-GFP levels were the same as
untreated. However, after 4 min of exposure Vph1-GFP levels
diminished only to recover sometime between 26 and 90 min. We
concluded that the CMC-Cu quenched the GFP signaling possibly
by the acidification of the cytoplasm induced by CMC-Cu but
then the pH of the cytoplasm returned to normal by 90 min. 

To overcome the likely pH-dependent quenching of GFP to lo-
calize ROS production relative to the vacuole during short expo-
sures, we analysed the effect of CMC-Cu on the yeast vacuole us-
ing FM4-64 staining. BY4741 and aly2 mutants were stained with
FM4-64 for 30 min then imaged after 75 min to stain the vacuole
instead of the membrane ( Fig. 6 ) . First cells were imaged with-
out any treatment for 100 frames ( 4.56 s/frame with a total scan-
ning time of 6.3 min ) as a control sample/no treatment. Then cells
at different regions of interest ( ROI ) were chosen and CMC-Cu
was added to the chamber. Cells were imaged in three movies of
25 min intervals ( 4.56 s/frame 200 frames ) at a different region
of interest to prevent photobleaching. The cells appeared very ac- 
tive before treatment and less dynamic after CMC-Cu treatment.
We hypothesize that cellular metabolism is reduced upon gen- 
eration of ROS after exposure to CMC-Cu and subsequent inter- 
nalization and breakdown of the CMC-Cu nanoparticles. To test 
this hypothesis we quantified the motion of the cells themselves 
and the dynamical deformations of the cell membranes by track- 
ing the cell centroids and the membrane motion/velocity of each 
cell using the four-dimensional image analysis package Chimera 
X. We calculated the centroid positions of each cell and tracked 
these in time to quantify locomotion of each cell. We then com-
puted the change in membrane velocity across the membrane 
of each cell. The measurements are limited by the choice of the
threshold value and the signal-to-noise ratio of the data. No dis-
cernable difference in centroid tracking was observed before and 
after exposure to CMC-Cu ( average displacement in the range of 
2.5–3 pixels or 275–330 nm ) , leading us to conclude that any ap-
parent locomotion of the cells is independent of exposure to CMC- 
Cu and is possibly an artifact of the sample scanning during the
LLSM imaging. Similarly, our analysis of the membrane deforma- 
tion showed localized membrane deformations in a punctate or 
“pocked” arrangement in subcellular detail ( deformation ranging 
from 0 to 275 nm ) , shown in false color images ( Supplementary
Fig. S7 ) , but the frequency and amplitude of these deformations 
did not appear to depend on exposure to CMC-Cu. However, the 
calculation is highly dependent on the choice of the threshold 
value, which in turn is limited by the signal-to-noise ratio, as it
affects the ability to form contiguous isosurfaces upon which the 
calculation is dependent. We posit that the motion of the vac- 
uoles in the interior of the cell is affected by exposure to CMC-Cu,
but due to low signal to noise, we are unable to track this mo-
tion for the obtained data sets. Future experiments with a bet- 
ter signal-to-noise ratio may reveal more quantifiable data that 
could quantify this motion and more robustly address our hy- 
pothesis. The level of detail and the combination of spatial and 
temporal resolution obtained with the LLSM here uniquely affords 
these observations. Over time, the intensity of Vph1 was also re- 
duced/photobleached. There was diffuse staining within the cyto- 
plasm and in the vacuole, supporting the colocalization of Vph1 
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Fig. 4 ROS of untreated vs. CMC-Cu treated of BY4741, aly2 , and rim8 and intensity plot of ROS for untreated vs. CMC-Cu. All cells ( BY4741, aly2 , rim8 ) 
were incubated with CMC-Cu for 30 min and CellROx to measure ROS production. A. BY4741 untreated and CMC-Cu treated, B. Quantification of ROS 
in BY4741 CMC-Cu treated cells, C. aly2 mutant untreated and CMC-Cu treated, D. Quantification of ROS in aly2 mutant CMC-Cu treated cells, 
E. rim8 mutant untreated and CMC-Cu treated, F. Quantification of ROS in rim8 mutant CMC-Cu treated cells, G. ROS generated by CMC-Cu exposure of 
BY4741, aly2 , and rim8 presented in the same graph. In this analysis, ( Unpaired t ) test was used for the analysis of Fig. B, D, and F, and one-way 
ANNOVA was used for the analysis of Fig. G with P -value higher than 0.05 means the value is not significant ( ns ) , P -value less than or equal to ď0.05, 
ď0.01, ď0.001, and ď0.0001 mean significant difference which corresponds to *, **, ***, and ****, respectively. 
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(A)

(D)

(G)

(B)

(E)

(H)

(C)

(F)

Fig. 5 Colocalization of vacuole and ROS production when yeast were treated with CMC-Cu. Cells were incubated with CMC-Cu for 30 min and added 
with 10 μM CellROx deep red and continuously incubated for another 60 min. Cells were imaged at 488 nm to image CMC-Cu and at 640 nm to detect 
reactive oxygen species. A. Vph1-GFP in green when untreated. B. Vph1-GFP in green in CMC-Cu treated yeast ( 90 min ) C. Quantification of Vph1 
intensity for untreated vs. CMC-Cu from panel A and B. D. ROS with CellROx staining in purple when untreated, E. ROS staining in purple when 
treated. F. Quantitation of ROS from panel C and D. G. Merged of ROS and Vph1-GFP without treatment, H. Merged of ROS and Vph1-GFP when exposed 
to CMC-Cu. Unpaired t -test P -value less than or equal to ď0.0001 mean significant difference that corresponds to ****. 
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While the loss of one α-arrestin rescued a reduction in vi-
ability from acute CMC-Cu exposure, the increased ROS levels
were still detected in a single α-arrestin mutant. We attempted
to evolve CMC-Cu-resistant yeast by serial passaging BY4741 in
the presence of CMC-Cu. However, in over 15 passages only slight
resistance to CMC-Cu was noted in one of the six independent
passages ( data not shown ) . Genomic sequencing of one strain
found mutations in RRG8 , BPT1 , and YBL081W in the CMC-Cu pas-
saged yeast and not in the untreated yeast. RRG8 is required for
mitochondrial respiration.64 Loss of YBL081w decreases plasma
membrane electron transport.65 BPT1 encodes a vacuolar ABC
transmembrane transporter involved in heavy metal detoxifica-
tion.66 , 67 Knockouts of these genes were individually tested as-
suming that most mutations are deactivating mutations. While
rrg8 knockouts had increased CMC-Cu resistance, ybl081w and
bpt1 knockouts had decreased resistance ( Supplementary Fig. S7 ) .
Notably, no mutations in the α-arrestins were detected. 

Discussion 

The biodegradability and efficient production of antimicrobial
materials are important to combat infectious diseases. How liv-
ing organisms interact with these materials provides insight into
transport mechanisms. Mutations in these pathways could lead
to antimicrobial resistance. We showed that BY4741 did not inter- 
nalize FITC or AF568H dyes alone, but CMC and CMC-Cu-stained 
nanoparticles are internalized by BY4741. S. cerevisiae like other 
eukaryotes have α-arrestins that provide specificity to target the 
internalization and trafficking of cargos on and in the cell mem- 
brane. Spo23, Rod1, Rog3, Ldb1, Rim8, Aly1, and Aly2 are key adap-
tors for the import of CMC-Cu. This leads us to conclude that yeast
are indeed importing the CMC-Cu nanoparticles and ROS produc- 
tion occurs primarily in the cytoplasm. The CMC-Cu reduced the 
pH of the cytoplasm, quenching GFP while inducing ROS during 
the initial exposure leading to peroxidation of lipids. 

At least seven α-arrestins serve as adaptors for CMC-Cu im- 
port. There are four pairs of α-arrestins paralogs retained from 

the whole genome duplication in S. cerevisiae . As genomes evolve,
one duplicated gene can be lost. However, in a subset of paralogs,
one copy is retained and the paralogs can divide the functions
of the ancestral protein between the paralogs known as subfunc- 
tionalization, or neofunctionalization that results in a new func- 
tion in one paralog while the other retains the ancestral func-
tions.68 , 69 Each α-arrestin targets multiple overlapping proteins 
but arrestins are known for the target that defines their charac- 
terization. Aly1 and Aly2 are responsible for the endocytosis of 
Dip5 during aspartic and glutamic acid excess.70 Rog3 downregu- 

71 
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(A)

(C)

(E)
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Fig. 6 Visualization of vacuolar dynamics with CMC-Cu exposure. Yeast 
were stained with FM4-64 and exposed to CMC-Cu. Cells were stained 
with FM4-64 for 30 min then imaged for 75 min track. Cells were imaged 
before CMC-Cu treatment as a control sample/no treatment then 
CMC-Cu were added to the imaging chamber. Cells were imaged in three 
movies of 25 min ( 4.56 s/frame 200 frames ) intervals at a different region 
of interest to prevent photobleaching. A. BY4741 untreated, B. aly2 
untreated, C. BY4741 exposed to CMC-Cu for 0–25 min, D. aly2 exposed 
to CMC-Cu for 0–25 min, E. BY4741 exposed to CMC-Cu for 26–50 min, 
F. aly2 exposed to CMC-Cu for 26–50 min, G. BY4741 exposed to CMC-Cu 
for 51–75 min, H. aly2 exposed to CMC-Cu for 51–7.5 min. 

i  

p
B  

s  

e  

i  

a  

m  

t  

m  

r  

e  

t  

c  

i
 

r  

b  

a  

t  

s  

a  

c  

t  

C  

r  

a  

c  

C  

s  

m  

i  

t  

C  

t  

t  

m
 

t  

c  

g  

t  

I  

c  

d  

t  

w  

m  

C  

o  

d  

p  

e  

n  

e  

c  

a  

e  

i  

a  

f  

h  

i  

m  

t  

d  

t  

d  

f  

c

C
G  

C  

f  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/15/3/m

fad011/7058248 by C
olorado State U

niversity user on 24 April 2023
s upregulated in an atx1 knockout when exposed to soluble cop-
er.72 Emc21 and Bul1 downregulate amino acid transporters.73 , 74 

ul1 and Bul2 serve as adapters for Ctr1 during copper expo-
ure 35 ; however, the mutants did not have the viability to acute
xposure to soluble copper but bul1 showed increased sensitiv-
ty to chronic exposure and acute exposure to CMC-Cu. Ldb19
lso regulated Ste2.71 Unlike other mutants, bul1 mutants were
ore sensitive to CMC-Cu. Loss of Rim8 confers both resistance

o cadmium, nickel, zinc, and sensitivity to arsenic to numerous
etals including cadmium.75 While some α-arrestin have known

oles in metal metabolism, others have roles in regulating nutri-
nt transporters in response to changes in the availability of nu-
rients. There was no single α-arrestin target that is known to be
ommon among the seven α-arrestin that have a role in CMC-Cu
mport. 
The α-arrestins serve as adapters for Rps5, the Ub ligase that

ecognizes the PPXY motif ( [L/V/P]xY ) in over 240 plasma mem-
rane proteins.76 Plasma membrane proteins that do not have
 PPXY motif use α-arrestins which have PY motifs as adap-
ors.45 The functions of α-arrestins are regulated by other proteins
uch as Rho1 and the GDP/GTP exchange protein Rom1.46 The α-
rrestins have nonredundant cargos and directly interact with the
ytoplasmic portions of plasma membrane proteins. We propose
hat Aly1, Aly2, Rod1, Rog3, Rim8, and Spo23 trigger endocytosis of
MC particles as these mutants were CMC-Cu resistant and aly2,
im8 , and rod1 mutants had fewer CMC internalized. Both CMC
nd CMC-Cu were internalized so the positive charge from the
opper is not likely contributing to endocytosis. It is possible that
MC directly interact with an α-arrestin target ( s ) ; however, when
creening the literature we could not find one target that was com-
on in the mutants that increased CMC-Cu resistance. α-arrestin

nduce conformational shifts of its target through electrostatic in-
eraction exposing acidic patches ( reviewed in Kahlhofer et al.77 ) .
MC nanoparticles may interact with multiple targets through
heir positive charge that are subject to α-arrestin-dependent in-
ernalization or induce internalization by interacting with the
embrane directly. 
Once inside the cell, at least some of the CMC-Cu are trafficked

o the surface of the vacuole. Intracellular trafficking moves vesi-
les to and away from the membrane. The vacuole divides and
rows correlated to the rate of growth. These subcellular struc-
ures lost their dynamic movement when exposed to CMC-Cu.
maging live cells as they were exposed to CMC-Cu showed that
ells became less dynamic, but due to signal-to-noise issues, we
id not quantitate it. CMC-Cu damage lipids,60 which could reduce
he movement of the membranes. Other studies have shown that
hen cells are stressed by starvation, internal organelle move-
ent becomes less dynamic based on pH.78 While substantial
MC-Cu resistance could not be evolved in the lab, a few mutants
f note were detected, and individual knockouts of these genes
id change the growth in the presence of CMCs. BPT1 encodes a
rotein that affects metal metabolism in the vacuole and RRG8
ncodes a protein important for mitochondrial function. During
ormal growth, the mitochondria are a major source of ROS as
lectrons occasionally leak from oxidative phosphorylation. As
ells age or are damaged, the electron potential decreases and is
 potent trigger for apoptosis. While mitochondria generate en-
rgy through ATPs produced by the tricarboxylic acid ( TCA ) cycle,
t comes at a cost. The intermediates of the TCA cycle also serve
s precursors for amino acids and other metabolites necessary
or growth. Cells with lower electron potential can also change
ow drugs are metabolized. For example, 4-nitroquinoline-1-oxide
s reduced more in cells with more electron potential generating
ore ROS, and thus these cells are more sensitive to the drug

han yeast that have mitochondria biased toward amino acid pro-
uction.79 , 80 The ROS from CMC-Cu damages lipids primarily at
he mitochondria,60 which may be the mechanism triggering cell
eath. Other types of copper nanoparticles may interact with dif-
erent pathways and have different mechanisms to induce endo-
ytosis.8 

onclusion 

enetic variation in response to soluble copper correlated with
MC-Cu response 13 and no variation has been noted specifically
or nanoparticles. Genetic variation within a species contributes
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to variation in phenotype but some genetic variation has a more
prominent impact than others. Master variators are polymorphic
proteins in a species that have large effects on phenotypes, and
small differences in transcription factors can have more pro-
nounced effects.79 RoundUp-resistant yeast were isolated after
as little as one passage and after six passages and RoundUp-
resistant yeast had hundreds of mutations that contributed to
the resistance.81 Similar results were found when yeast were ex-
posed to MCHM ( 4-methylcyclohexanemethanol ) , a synthetic hy-
drotrope.82 , 83 Given that after multiple attempts no substantial
increased resistance to CMC-Cu could be found, cellulosic copper
nanoparticles are a promising antimicrobial material. 

Supplementary material 
Supplementary data are available at Metallomics online. 
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